ABSTRACT: In the North Sea Tertiary section, wellbore instability problems are frequently reported in Palaeocene-Early Oligocene smectite-rich mudrocks. Analysis of the mechanical properties of these Tertiary mudrocks is generally hampered by the lack of suitable core material. This study represents an attempt to study the geomechanical behaviour of mudrocks by triaxial tests of side-wall cores obtained from the borehole wall. The tests performed include measuring the changes in pore pressure during shearing and undrained shear strength in specimens initially consolidated to in situ effective stress levels. The coefficients of permeability (kf), estimated from the consolidation time behaviour range from 2.6 x 10 -n to 2.4 x 10 -12 m/s. The tested cores behaved like slightly overconsolidated to normally consolidated materials with an initial near constant volume (elastic behaviour) for low deviatoric load followed by an increasingly contractant behaviour approaching failure. Compared with results from onshore analogues, the strength properties of the investigated mudrocks appear to be related to their content of expandable clay minerals. A wellbore stability chart to forecast adequate drilling fluid pressures for future wells has been developed by the use of linear (Mohr-Coulomb) failure criteria based on the peak strength data. It is demonstrated that side-walt cores can provide satisfactory test materials for rock mechanical analysis, and their use may serve to improve our knowledge of the rock mechanical behaviour of typically troublesome mudrocks for which no conventional cores are available.
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Drilling problems caused by compressive or tensile failure of the borehole wall often result in substantial loss of drilling time and increases in rig time costs. Poor hole conditions (tight hole, hole enlargement, hole collapse, hole fill etc.) may create problems in running the casings and reduce the quality of petrophysical log data. Drilling and borehole stability problems are related both to chemical and mechanical processes. Chemically influenced swelling of clayey rocks can be reduced by the use of oil-based drilling fluids or by modifying the chemical activity of water-based 1 Present address: Statoil Research Centre, Postuttak, 7005 Trondheim, Norway. drilling fluids. The latter includes the use of highconcentration KC1 water-based drilling muds (e.g. Steiger, 1982; Chenevert, 1989) , or the use of various water soluble semi-synthetic or synthetic polymers (e.g. Bruton & McLaurine, 1993) . The various inhibitor systems have generally been proven to reduce wellbore instability. Problems may still be experienced even with the most inhibitive drilling fluids, suggesting a mechanical nature of the instability problems.
The main objective of wellbore stability analysis is to determine the critical upper and lower drillingfluid pressure limits ('drillability window') to avoid compressive and tensile failure around the borehole wall. Ideally, borehole stability should be handled as a combined approach including both chemical and mechanical processes. Physicochemical processes include the interchange of fluid and ions between the drilling fluid and the surrounding rock which may modify both the stress conditions and the mechanical properties of the mudrocks (Bol et al., 1994; Mody & Hale, 1993) . The transport processes (e.g. osmotic flow, diffusion, hydraulic flow) between the formation and the drilling fluid are complex. Present conceptual models are weakened by their qualitative nature, where several processes have to be calibrated empirically (Warpinsky, 1992) .
In the North Sea Tertiary section, instability problems are frequently reported in PalaeoceneEarly Oligocene smectite-rich mudrocks, however, the necessary input data for modelling of physicochemical processes in typical heterogeneous North Sea Tertiary mudrocks are not yet available. A better understanding of the mechanical properties of these rocks has become increasingly more important due to the extensive drilling of deviated wells. But due to the lack of adequate core material, very few rock mechanical tests on North Sea Tertiary mudrocks have been undertaken and even fewer are reported in the literature.
The main objectives of the paper are twofold: (1) to determine whether carefully selected side-wall cores can represent appropriate test material for rock mechanical testing, and (2) to evaluate whether calculated wellbore stability from the obtained peak strength data and a simple linear (Mohr-Coulomb) mechanical approach can be correlated with the observed drilling problems in the studied mudrock sequence. The test results are compared with published results from triaxial tests of onshore mudrocks (Weald Clay, London Clay and Fullers Earth) and the rock strength behaviour has been considered in relation to mineralogical composition.
GEOLOGY OF THE STUDY AREA
Well 25/7-2 is located close to the eastern boundary of the southern Viking Graben on the north-western flank of the Utsira High (Fig. 1) . The studied Palaeogene sequence (c. 1200-2600 mKB) consists of large Palaeocene submarine-fan complexes (Ty and Heimdal Formations) interfingering with marine hemipelagic mudrocks (Lista and Sele Formations) derived from deltaic progradation eastward from the Shetland Platform into the Viking Graben (Isaksen & Tonstad, 1989) . Late Palaeocene to earliest Eocene deposits were dominated by ash-fall deposits (Balder Formation) derived from the volcanic activity associated with the opening stage of the Norwegian Greenland Sea. Renewed Eocene subsidence formed deep depocentres along the Viking Graben (Jordt et al., 1995) which were filled gradually by Middle-Late Eocene hemipelagic muds mixed with minor sands (Lower Hordaland Group) gradually changing to Early Oligocene interbedded silty/sandy mudrocks and muddy diatomites towards the top of the studied interval (Middle-Upper Hordaland Group).
SAMPLING AND ANALYTICAL TECHNIQUES
The investigated side-wall cores were sampled by shooting a small hollow bullet into the borehole wall. A small cylindrical piece of rock with an axis normal to the well is thereby retrieved using a wireline tool. Side-wall cores selected for triaxial strength tests (Fig. lb) were cleaned gently, wrapped into cellophane and covered in wax (offshore) to preserve their water content. The samples were stored in glass jars at a temperature of -4~ until the testing took place. Opening, sample description, and sample preparation (trimming) were performed at high humidity (>98%) conditions. The tests were performed using a triaxial cell (70 MPa cell pressure capacity) modified as part of this study to handle cores with a diameter of 25 mm (by T. Berre, Norwegian Geotechnical Institute). The test cell had both external and internal load transducers, two axial strain measuring devices, two radial strain measuring callipers, units for measurement and control of cell pressure, and a unit for volume change measurement and for measuring and control of back pressure. During the experiments, axial load, confining pressure, radial and axial displacement, pore pressure and back pressure, were continuously monitored and recorded with an automatic data-acquisition system. The triaxial tests were run as isotropically consolidated undrained (CIU) tests, equivalent to published triaxial tests on shales (e.g. Steiger & Leung, 1992) and onshore analogous tests (Nakken et al., 1989; Marsden et al., 1989 Marsden et al., , 1992 . The CIU tests are divided into two parts: (1) drained isotropic consolidation to the level of the calculated in situ stress (Table 1) ; and (2) undrained (deviatoric compression) with a recording of the pressure build-up. During the isotropic consolidation the samples were drained from both ends against a constant backpressure (6 MPa). Side drains to assist the drainage were not used. The consolidation serves three purposes: to rescind the effects of sample disturbance (e.g. micro-cracks): to consolidate the sample to saturation: and to dissolve any air inside the pore-space (Steiger & Leung, 1988 , 1992 . All specimens were saturated with weak brine (52.0 g/1 KC1) at the consolidation stage, in order to prevent swelling during consolidation. The degree of initial saturation (Swi) was proved by performing a 'B' value test (Bishop, 1973) . The strain rate used during the shearing phase was calculated using the results of the consolidation data, according to the recommended procedure given by the British Standards Institution, London (BS 1377 : Part 8: 1990 . Peak strength was generally achieved after a testing time (tf) of 14-40 h of deviatoric loading. All tests were run at room temperature. An overview of the sample data and the testing programme is given in Table 1 .
To obtain some broader information about the test material, sample 8 (1540 mKB) was consolidated to only 10% of its in situ stress level and sample 9 (1361 mKB) was run as an extension test. The permeability of the specimens was estimated from the consolidation behaviour according to the method of Head (1986) . The mineralogy of the bulk samples and also of the <2 ~tm fractions was determined by X-ray diffraction (XRD) analysis of unoriented (powder) mounts and oriented specimens (inverted Millipore slides), respectively. The fine fractions were scanned after the following treatments: (1) Mgsaturation; air dried; (2) ethylene glycolation; and (3) preheating (550~ h). All analyses were performed on a Phillips PM 1700/1710 diffractometer with Cu-Kct radiation (1.54060 A), connected to a PDP 11/53 computer system with a Phillips APD software.
RESULTS

Physical properties and mineralogy
All results of the geomechanical testing are summarized in Table 1 . The initial water content (wi) ranges between approximately 38 and 20 wt%, decreasing with increasing burial depth. The corresponding calculated initial (unstressed) porosity (ni) ranges between 57-36 vol%. The initial degree of saturation (Swi) is between 83-95%. The mineralogy of drill bit cuttings and side-wall cores is presented elsewhere (Tyridal, 1994) and only a summary for the tested specimens is included here. The XRD analysis confirmed the mudrocks to be homogeneous containing the following: 71-82% (average 75%) clay, 5-14% (average 7%) quartz, 0-4% (average 2%) Kfeldspar, 2-7% (average 4%) plagioclase, 1-10% (average 6%) pyrite, 3-8% (average 5%) calcite, and 0-2% dolomite and siderite. The fine fraction (<2 ~tm) contained between 35-65% (average 46%) smectite and mixed-layer I-S, 10-30% (average 16%) illite, 0-50% kaolinite and 0-25% chlorite.
Consolidation
During the drained isotropic consolidation, an equal all-round effective stress produces a change in sample volume, and for fully saturated samples, this volume change is directly related to the drained volume of water and hence the change in porosity (Table 1) . High volumetric strains (EvoD and octahedral strains (Coot) (14-23%) during consolidation indicate that the specimens have been affected by relaxation prior to analysis (e.g. swelling/microfracturing). Values for drained bulk modulus (B) for the isotropic consolidation were obtained at maximum effective confining pressure. The coefficients of permeability (kf) estimated from the consolidation time behaviour (Table 1) range from 2.6 x 10 -ll to 2.4 x 10 -12 m/s (2.7 x 10 -6 to 2.5 x 10 -7 Darcy), which is within the micronannodarcy range reported by Steiger & Leung (1990) . Similar permeabilities are also reported from fractured shales (10-s-10 -s Darcy), whose permeability of the intact rock is several orders of magnitude lower (Chenevert & Sharma, 1991) . Thus, if the measured high strains during consolidation reflect closing of micro-cracks created by previous sample relaxation, the estimated permeabilities may have been overestimated. However, large consolidation strains and subsequent large reductions in porosity have also been reported from CIU triaxial tests of onshore analogous clays (London Clay and Fullers Earth) at offshore stress conditions (Marsden et al., 1992) . Hence, large strains during consolidation seem to be typical for soft, smectite-rich mudrocks. during the undrained shearing phase. The stressstrain behaviour of all samples during deviatoric loading is basically the same; any difference is in magnitude rather than nature. At low deviatoric stresses (q = Ol -or3) and low strains the specimens show a close to linear behaviour. The curves show a gradual transition into an upward convex shape with a plateau of near constant stress in the post-failure region. Such overall stress-strain performance is typical of plastic/ductile behaviour. The undrained shear strength is reached after low (2.5-3.5%) axial strain (1.4-2.0% lateral strain). The pore pressure in undrained compression tests (Fig. 2) continued to show a small but steady increase in the post-failure region. The extension test showed a minimum pore pressure at about the peak stress stage, from which it increased towards zero during post-failure deformation. Values of the secant Young's modulus (E 89 and Poisson's ratio (~tlf) from deviatoric stress vs. axial strain curves obtained at half the peak deviatoric stress are given in Table 1 . The samples still appear to be within the linear range at half their peak load. Young's modulus (stiffness) represents the slope of the change in deviatoric stress against change in axial strain, while the dimensionless Poisson's ratio (~t) is the negative ratio of the horizontal and vertical strain for the given stress range. Young's modulus increases with increasing effective mean stress, while Poisson's ratio shows no variation with stress. The undrained shear modulus (G) represents the samples' resistance against shear deformation (modulus of rigidity). The initial values (Gi) measured during undrained shearing phase, vary from 0.2 to 2.1 GPa (Table 1) . Despite the change from an initially stiff to a gradually more soft behaviour approaching failure, the material largely retains its ability to carry a load in the post-failure situation. Furthermore, high shear stresses in the post-failure region suggest that the frictional resistance along the failure surface is high for the entire stress range studied (i.e. for stress conditions corresponding to typical wellbore situations). Figure 3a illustrates the stress paths in the q-p' diagram for the triaxial compression tests. The failure stress (undrained strength) is taken as the maximum principal stress difference qf = (~1 --O'3)f (Table 1) , or the minimum stress difference in the extension test (positive deviatoric stress values correspond to shortening of the sample). As the pore pressure increases throughout the tests (Fig. 2b) , the stress paths get curved to the left (Fig. 3a) . Pore pressure increases in undrained tests because the specimen would reduce its volume due to the contractant behaviour, but contractancy is prevented by the test configuration. Initially, the mean effective stress p' appears constant (i.e. path close to vertical) as expected for undrained constant volume shearing of an isotropic elastic material. Based on the calculated pore pressure parameter A (Skempton, 1954) and dilatancy (D) (Janbu, t985) at failure (Af, Dr in Table 1 ), the mudrocks tested in compression behave like normally consolidated to lightly overconsolidated materials (Af between 0.56 and 0.79) with an initial near constant volume and elastic behaviour for low deviatoric load followed by an increasingly contractant behaviour (De < O) approaching failure.
Shearing
Stress paths and peak strength
Values for the cohesion e' (1.1 MPa) and the angle of friction qb' (17 ~ were obtained by fitting the Mohr-Coulomb criterion to a linear regression of the peak strength data in the p'-q diagram (Fig. 3b) . A non-linear failure criterion proposed by is shown for comparison.
APPLICATION TO WELLBORE STABILITY
The following discussion is based on the assumption that the wellbore instability in the studied well is purely mechanical in nature. Evaluation of mechanical stability of the wellbore consists of two parts; calculation of the stress state around the borehole and consideration of a failure criterion. The vertical overburden stress (Fig. 4a) was determined from integration of the rig bulk density measurements on drill bit cuttings. The 'best empirical solution' of the minimum horizontal stress (sh) was taken as the 'minimum envelope' of leak-off-test (LOT) data from 21 nearby wells (Fig. 4a) . No borehole breakout data were available for determination of horizontal stress anisotropy and the two horizontal stresses (O" h and ~rt) were assumed to be similar in magnitude. The porefluid pressure estimated from wire line logs and drilling parameters indicate a maximum absolute overpressure in the investigated Tertiary section of -4.7 MPa.
Failure normally implies the condition in which the specimen can sustain no further increase in stress. The linear Mohr Coulomb criterion (Fig. 3b) .Q incorporates the maximum (g~) and minimum (or3) principal stresses, and because of its simplicity it has been extensively used in the petroleum industry (Aadnoy, 1988; Aadnoy & Chenevert, 1987; McLean & Addis, 1990a,b) . A failure criterion defines the critical state boundary line between possible and impossible stress states (Fig. 3b) .
Major shear deformation will only occur if the material is loaded in such a manner that it attains this critical state. Here plastic shear deformation may continue without change in volume (Fj~er et al., 1992) . In assuming a linear relationship, the error appears negligible, at least for stress conditions corresponding to typical wellbore situations (<14 MPa; McLean & Addis, 1990a) . Failure of the borehole wall is induced by drilling fluid pressure which is either too high (tensile failure) or too low (compressive shear failure). In this paper, calculations of the upper and lower limits of drilling-fluid pressures were performed according to Fjmr et al. (1992) (eqns. 1 to 4) assuming a vertical hole with impermeable walls and a poroelastic material behaviour. Provided that isotropic stress conditions prevail, the stresses around a borehole can be expressed as (Fj~er et aL, 1992) :
(~z = ~v where c~0, clz, and ~r represent the tangential, vertical and radial stresses, respectively, around the borehole, and Pw the pressure of the drilling fluid (well pressure). With the relative magnitudes of the stresses being; c~0 < ~z < clr, the lower critical drilling-fluid pressure (i.e. compressive shear failure) becomes:
where cz is the Blot's constant (assumed = 1), Pr is the formation fluid pressure, 13 the angle of the failure plane to the major principle stress (c~e), and where the uniaxial compressive strength Co is defined as:
The upper critical drilling-fluid pressure (i.e. tensile failure) becomes:
Pw ~> 2crh -cxpf + To (4) where To is the tensile strength, which due to small fractures and cracks at the borehole wall, is assumed to be zero.
The results of the stability calculations are given in Fig. 4 . Although stability models based on linear behaviour, typically tend to provide a conservative estimate of the 'drillability window', there is a good agreement between the results of the stability calculations and the reported hole problems between 1000 and 1900 mKB (e.g. twist off, tight hole, pipe stuck, hole pack off). In this interval the drilling fluid pressure is slightly lower than the line defining the calculated lower pressure limit (Fig. 4b) . After an increase in the drilling fluid pressure at 1900 mKB it entered the stable region ('drillability window') and hole stability was reported to improve. The results also imply that the drilling-fluid pressure can be further increased in the troublesome Tertiary interval without any major risk of tensile failure. Moreover, drilling with a low (1.07 g/cm 3) drilling-fluid weight down to 1500 mKB in a nearby well resulted in stuck pipe and the hole being packed off at 1133 mKB and then having to be side-tracked. After increasing the drilling fluid weight to a similar level as in the studied well (1.32 g/cm 3) the well was successfully drilled throughout the Tertiary interval.
DISCUSSION
As eqns. 2 and 4 indicate, the calculated wellbore stability is very sensitive to the uncertainty in the input parameters such as field stresses and porefluid pressure. Pore-fluid pressures of 1.3 g/cm 3 MWE (mud weight equivalents) (12.8 kPaJm) are typically reported in the Lower Tertiary shales. Quantification of shale pore-pressures (by indirect methods) has been shown to be strongly influenced by lithological and mineralogical variations (Wensaas et al., 1994) , and these variations may introduce an uncertainty in the estimated shale pressures. Calculations assuming hydrostatic pressure conditions cause the lower critical pressure line to decrease (max. 5%) and the drilling fluid pressure tends to enter the 'drillability window'. This suggests that the reported drilling problems may essentially be driven by overpressuring.
The oh trend (Fig. 4a) is very similar to the trend obtained from the Central North Sea by Gaarenstroom (1993) . Calculations with a higher oh trend as proposed by Breckels & van Eeklen (1982) or Kwakwa et al. (1991) , cause the lower critical pressure line to increase. This will result in a conservative estimate relative to the field observations. The uncertainty related to the (Nakken et al., 1989; Marsden et al., 1989; 1992) ; (4) North Sea Tertiary mudrocks (this study); smectite content 40-60%; (5) London Clay; smectite content 35-45% (Marsden et al., 1992) ; and (6) Fullers Earth; 'pure' smectite (Marsden et al., 1992) .
determination of the Oh trend appears to be more critical to the stability forecast than the uncertainty related to overpressure. The undrained strength of shales and mudrocks is not a unique parameter, but depends upon several factors, where we regard the most important to be material type (e.g. mineralogy, texture, fabric, water content), present stress level, previous stress history, anisotropy and testing conditions. By comparing the side-wall core data with data from onshore analogues, a correlation between rock strength and smectite content could be anticipated (Fig. 5) . The strength of the samples decreases with increasing smectite content, from Weald Clay with negligible smectite content to Fullers Earth with close to 100% smectite. Similar correlations have been reported by Shell and Exxon between low shale strength and high water contents (Mody & Hale, 1993) , or high surface areas (Steiger & Leung, 1990; Ewy et al., 1994) , both being typical properties of smectite-rich rocks. Moreover, from CIU triaxial tests of various 'pure' clay mineral samples, Wang et al. (1980) found that the peak strength of montmorillonite (smectite) was about half of the strength of other clays at a given confining pressure.
By performing the test exclusively on a set of carefully selected, full recovery cores (without any visible anisotropy), we anticipate that any influence from sampling distortion (e.g. micro-fracturing, swelling) on the obtained rock strength data is kept to a minimum. Interestingly, both the recovery and quality of the side-wall cores were found to correlate broadly with variations in lithology and mineralogy. Low recovery cores are typically fractured and consist of silty and/or calcareous mudrocks, whereas full recovery cores, with no visible cracks, consist of fine-grained smectite-rich mudrocks. Mineral reactions which tend to strengthen the mudrocks, e.g. smectite diagenesis (>1800 mKB), carbonate cementation and Opal CT to quartz appears to be poorly represented in the selected test material (according to unpublished petrographical data). This implies that the instability calculations based on the selected core specimens are probably only representative of the most fine-grained and smectite-rich formations (i.e. 'worst case scenario').
CONCLUSIONS
(1) Triaxial tests of side-wall cores have been shown to represent a suitable method for determination of the mechanical properties and stress-strain behaviour of weak, smectite-rich shales and mudrocks. No tests were performed on hard (cemented) or silty Tertiary shales.
(2) The rock mechanical properties of the Tertiary mudrocks from Well 25/7-2 identify them as weak rocks with low values of the strength parameters c' (cohesion) and ~)' (angle of friction). Within the test conditions applied, the mudrocks exhibit a ductile (non-brittle) behaviour.
(3) The measured rock strength increases almost linearly with increasing confining stress.
(4) Compared with the results from onshore analogues, the strength properties of the investigated mudrocks are most likely to be related to their content of expandable clays.
(5) Wellbore stability calculations based on a linear peak strength criterion (Mohr-Coulomb) and estimated field parameters (stresses and pore-fluid pressure) were used to calculate the drilling-fluid pressure required to prevent compressional shear and tensile failure of the borehole wall. The predicted instability generally shows a good correlation with reported drilling problems. In forecasting, the upper and lower critical drilling fluid pressures appear to be very sensitive to variations in the assessment of the horizontal minimum stress trend. Overall, the stress conditions should be better defined because instability models are highly affected by the accuracy of field stress data.
